Introduction
The reduction of emissions from deforestation and forest degradation (REDD) was approved at the 16 th session of the Conference of the Parties of the UNFCCC in Cancún in 2010 as an eligible action to prevent climate change and global warming in post-2012 commitment periods. REDD assigns a financial value to the carbon stored in forests. In order to generate benefits from REDD countries need to implement sound systems for monitoring, reporting and verification (MRV) of carbon stocks. The mere reporting of point estimates such as carbon stocks or carbon stock changes is not sufficient, unless the associated uncertainties are specified. Sampling and non-sampling errors influence the reliability of estimated activity data and emission factors, and thus affect the potential to generate benefits from implementing a REDD-regime. Uncertainties are addressed by the principle of conservativeness that requests the reporting of the reliable minimum estimate (RME). The RME constructs a reliability interval around a carbon stock estimate and utilizes the lower bound for reporting and the calculation of benefits. In this chapter, a framework for calculating accountable emission reductions including assessment errors is developed. Theoretical considerations as well as a simulation study for four selected countries with low to high deforestation and forest degradation rates show that even small assessment errors (5% and less) may offset successful efforts in the reduction of emissions from deforestation and forest degradation. The generation of benefits from REDD renders possible only in situations where a robust and transparent MRV-system is applied that provides a sound approach for the calculation of RMEs.
Background
According to the United Nations Food and Agricultural Organisation (FAO) forests cover 31% of the global land area. FAO estimates that the world's forests store 289 gigatonnes (Gt) www.intechopen.com 
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of carbon in their biomass alone (FAO, 2010b) . Whilst sustainable forest management, planting or rehabilitation of forests can positively affect forest carbon stocks, deforestation, forest degradation and poor forest management have a negative effect on them. Due to the conversion to other uses or loss through natural causes approximately 13 million hectares of forest disappeared annually in the last decade. In this context deforestation is generally understood as the direct human-induced conversion of forest land to non-forest land, while forest degradation is according to the Intergovernmental Panel on Climate Change (IPCC) "the direct human-induced long-term loss" of forest carbon stocks in areas which remain forest land (IPCC, 2003) . In 2005 Papua New Guinea together with 8 other developing countries proposed the new agenda item "reducing emissions from deforestation in developing countries" at a national level at the 11 th Session of the Conference of Parties (COP 11) to the United Framework Convention on Climate Change (UNFCCC). The proposal aimed at the acknowledgement of reducing emissions from deforestation and forest degradation in developing countries (REDD) as a mitigation option for those countries. The idea of REDD was later on extended beyond the mere conservation of forests in order to include additional aspects of biodiversity, sustainable management of forests and enhancement of forest carbon stocks, called REDD+ 1 . At the 16 th session of the Conference of the Parties of the UNFCCC in Cancún in 2010 the REDD mechanism was approved as an eligible action to prevent climate changes and global warming in post-2012 commitment periods (UNFCCC, 2011) . A country participating in the REDD mechanism of the UNFCCC has to demonstrate substantial capacities for monitoring and accounting emissions from forest carbon stocks. Thus a reliable framework for MRV is vitally required to ensure the integrity and credibility of possible REDD efforts in general. Approaches for MRV as well as potential financing mechanisms for the set-up of appropriate incentives have been widely discussed (Eliasch, 2008; GOFC-GOLD, 2010) . IPCC requests the use of the reliable minimum estimate (RME) to address uncertainties associated with the estimation of forest area and carbon stock changes. Even though these uncertainties have a fundamental impact on accountable carbon credits and the cost-benefit ratio, they play only a minor role in the discussions both on political, scientific and operational level.
Assessment of emissions from deforestation and forest degradation
There are five major carbon pools in forests (IPCC, 2003) : (1) above-ground biomass, (2) below-ground biomass, (3) dead wood, (4) litter, and (5) soil organic matter. The reduction of emissions from deforestation and forest degradation renders the maintenance of carbon in the living biomass essential. For this reason the most pragmatic monitoring approach is to concentrate efforts on the assessment of the carbon pool "above-ground biomass". To monitor and report deforestation and forest degradation the assessment of two components is required (IPCC, 2003) : -changes in forest area over time (activity data), and -changes in the average carbon stock per unit area over time (emission factors). Assessments at successive occasions or the availability of models that extrapolate data from one point in time to another, allow the estimation of changes. To assess the total loss of forest carbon stock in a given period and area two components have to be considered:
(1) the carbon stock loss on areas that changed from forest land to other land uses in the respective period, and (2) the reduction of average carbon stock in areas that remain forest land. Aiming at the enhancement of the reliability of estimates, the forest area can be subdivided in several categories showing distinct levels of carbon stock changes. Changes in forest area can be estimated by in-situ surveys or remote sensing techniques. Remote sensing techniques are more cost efficient and result in spatially explicit data. Furthermore, remote sensing data allow for the separation of the total forest area into different homogeneous sub-groups or strata, such as forest types (e.g. broadleaf, tropical moist or tropical dry). The classification of forest areas can be complemented by risk factors that utilize probabilistic approaches for describing the likelihood of changes. Proxies for risk factors can be accessibility, population density or previous intensities of human impacts. In extensive surveys of large areas the use of remote sensing techniques are capable of detecting deforestation patterns. In contrast to deforestation forest degradation does not necessarily lead to an obvious reduction of canopy cover, even under substantial removals of biomass. The detection of forest degradation by remote sensing techniques is far more difficult than the detection of deforestation and provides reliable results only for advanced stages of forest degradation. Changes in carbon stock can be quantified by various methods. Among others IPCC provides a set of default values for carbon stocks per unit area (IPCC, 2003) . However, these may not reflect the true country specific values. Using these default values can result in substantial uncertainties. Country specific data on degradation of distinct forest types or risk classes reduce uncertainties. The most reliable estimates of carbon stock changes are provided by sample based field assessments on successive occasions. Individual trees are measured, and biomass and carbon stock are calculated on plot level. Upscaling procedures are applied to expand plot level data to area related estimates (Köhl et al., 2006; Plugge et al., 2010) , resulting in sound and sensitive estimates of changes in forest biomass and degradation activities. The IPCC Good Practice Guidance (IPCC, 2003) and Guidelines for National Greenhouse Gas Inventories (IPCC, 2006) include recommendations on methods and default values for assessing carbon stocks and emissions. Two approaches for the calculation of changes in average carbon stock per unit area are proposed (IPCC, 2003 (IPCC, , 2006 ): 1. the stock difference method makes reference to traditional forest resource assessments and calculates changes in average carbon stock per unit area as the difference between carbon stock at time 2 and time 1, and 2. the gain-loss method builds on the understanding of carbon uptake by forests (tree growth) and carbon release by anthropogenic activities such as timber removals, fuelwood gathering, sub-canopy fires or grazing. The IPCC-guidelines provide three tiers of detail for reporting in order to consider the substantial differences between countries regarding the capacities and implemented MRVsystems for carbon stock changes. Moving to higher tiers increases the complexity and cost of the utilized MRV-systems but results in a higher reliability of estimates.
Uncertainties
The Subsidiary Body for Scientific and Technological Advice (SBSTA) is concerned with methodological issues with reference to the implementation of REDD as a mitigation option in the context of UNFCCC and stated in its 28 th session that "means to deal with uncertainties in estimates aiming to ensure that reductions in emissions or increases in removals are not overestimated" need to be further considered (UNFCCC, 2008) , to ensure the credibility of estimated emissions and removals from deforestation and forest degradation. In general any assessment and estimation methodology is intrinsically associated with uncertainties. In REDD those are mainly linked to the assessment of deforestation and forest degradation areas (activity data, AD) and the carbon stock changes in those areas (emission factors, EF). Two major error types exist regarding the estimation of AD and EF: sampling errors and non-sampling errors (Lessler & Kalsbeek, 1992) . The former arise from inferring from a subset (i.e. the sample) of the population to the whole population. The size of the sample and the survey design can be used to control the size of sampling errors. The latter encompass all other sources of errors involved in a survey. This can be measurement errors, calculation errors, classification errors, incorrect application of definitions, errors arising from the application of functions and models, or frame errors (i.e. the sample population is different from the target population). Precision, accuracy, and bias are means to quantify different types of errors (Köhl et al., 2006) . To quantify the uncertainty of estimates the IPCC suggests the 95%-confidence interval (IPCC, 2003 (IPCC, , 2006 . In statistical terminology the confidence interval is related to sampling errors only. A useful measure is the Mean Square Error (MSE), that combines sampling errors with the square of the bias. For unbiased estimators MSE and precision are asymptotically identical. In order to quantify all error sources associated with an estimate the total survey error (Kish, 1965) or error budgets (Gertner & Köhl, 1992 ) can be applied.
Monitoring changes over time
Quantifying AD requires estimates of forest area changes over time. The use of remote sensing techniques implicates that the uncertainty related to the estimation of changes between two points in time is strongly affected by classification accuracies at both occasions and the magnitude of the respective changes. Fuller et al. (2003) discuss the measurement of landcover change over time and present a statistical approach to quantify the reliability of change estimates. They show that for 10-class maps the accuracy at both times needs to be 99% to detect a smaller than 20% change with a 90% reliability. Fuller et al. (2003) conclude that the "measurement of small to medium scale changes over large areas requires levels of precision in mapping which are near impossible to achieve with satellite image classification alone". Another critical issue is the ability to detect forest degradation by remote sensing data. Especially in heterogenic vertical stand structures and contiguous canopy covers, e.g. in natural forests in the tropics and subtropics, forest degradation can only be detected, when the formerly closed canopy cover is dissolved (Fig. 1) . Quantifying EFs is realized by in-situ assessments in forest stands, following the rules of probabilistic sampling theory. Above-ground volume or biomass figures are used to estimate the carbon stock of trees. However, these figures cannot be directly assessed on standing trees and have to be estimated via volume or biomass functions, which utilize tree measurements such as diameters, tree heights or crown parameters as independent variables. Biomass expansion factors (BEF) expand volume estimates to biomass estimates, while biomass estimates are transferred into carbon stock estimates by applying biomasscarbon conversion factors. The conversion factors depend on the wood density of the respective tree species and tree components. Including measurement errors and function errors, the EF-estimates are subject to multiple error sources. Highly problematic are frame errors, as assessments of a limited set of field plots (i.e. the sample population) may not be representative for the entire domain of tree species, forest types, ecosystem regions and disturbance levels within a country (i.e. the target population) (Houghton et al., 2001; Nogueira et al., 2008) . Figures for above-ground biomass, which show a large range of variability, are presented by IPCC (IPCC, 2003) . For example, the possible range of values in wet tropical forests covers 34% to 248% of the average, showing that currently a high level of uncertainty is associated with the quantification of above-ground biomass stock.
The principle of conservativeness
In order to "address the potential incompleteness and high uncertainties of REDD estimates" the principle of conservativeness was proposed by Grassi et al. (2008) . UNFCCC has already included this principle in several documents, e.g. for afforestation and reforestation activities under the Clean Development Mechanism (CDM) (UNFCCC, 2006a (UNFCCC, , 2006b . The completeness principle depends on "the processes, pools and gases that need to be reported and on the forest-related definitions" (Grassi et al., 2008) . In REDD the quantification of carbon stock changes needs to consider both, uncertainties and incompleteness. To address uncertainties the Reliable Minimum Estimate (RME) is suggested by the IPCC-Good Practice Guidance in the context of the assessment of changes in soil carbon. The RME serves as a surrogate for the lower bound of a confidence interval and is the minimum quantity to be expected with a given probability (Dawkins, 1957) . In the context of carbon stock change assessments the principle of the RME has to be expanded from a sole sampling error perspective to the concept of total survey errors. A conservative RME qualifying for accounting can be calculated as the difference between the lower bound of the error interval at the reference period (time 1) and the upper bound of the error interval at the assessment period (time 2). While error intervals take into account the total survey error, confidence intervals include only sampling errors. Thus error intervals are wider than confidence intervals and result in notably smaller accountable emission reduction.
For countries that are still in the readiness phase and have not implemented a sound REDD inventory concept so far, the principle of conservativeness is a wise recommendation. However, in a situation where a country is maintaining or only slightly decreasing its forest area, the principle of conservativeness might lead to counterproductive results. The RME of the estimated forest area at time 1 would be (considerably) lower as the higher RME of the estimated (unchanged) forest area at time 2, thus a forest area loss would need to be reported. Or, in other words, if the area of afforestation activities has the same size as the difference between the RMEs at time 1 and time 2, a country without any deforestation activities would be able to report only an unchanged forest area under the principle of conservativeness. Introducing a REDD-regime under these conditions would not be beneficial for such a country.
Data and methods

Global Forest Resources Assessment
For more than five decades the state of the world's forests has been monitored by FAO, with the intention to provide information "to policy-makers, to international negotiations, arrangements and organizations related to forests and to the general public" on a global scale (FAO, 2010b) . Earlier forest resources assessments focused mainly on the provision of information on the productive forest functions (i.e. attributes such as basal area, timber volume, wood assortments, timber value or increment). Nowadays FAOs forest resources assessments have a much wider scope and cover the rising demand for more detailed information Information needs for REDD on forest area changes (AD) and carbon stock changes in those areas (EF) can be satisfied by focusing on the FRA's first thematic element. Table 1 shows country specific data on forest resources for four countries that hold small to large forest areas and show low to high deforestation rates. Activity data for these countries can be calculated as the difference in forest area between two successive points in time. The ratio of total forest carbon stock and total forest area gives information on the emission factors. Table 2 . Country specific data on annual forest area change and per hectare carbon stock; HF = high forest area, LF = low forest area, HD = high deforestation, rate MD = medium deforestation rate, LD = low deforestation rate, * according to Griscom et al. (2009) The data given in Table 1 and Table 2 are used as the input data for the simulation study described below. The layout of the simulation study follows the principles described in Köhl et al. (2009) .
Accountable emission reductions
For the generation of benefits from a REDD regime possible reductions of emission from deforestation and forest degradation must be identified. Therefore a reference must be defined, against which the actual emissions from deforestation and forest degradation are set off. In the nomenclature of REDD this reference emission level is called baseline. Different types of baselines are still subject to political and scientific discussions (Griscom et al., 2009) as the choice for a specific baseline may be of advantage or disadvantage to a single country. There are simple baseline approaches like historical baselines, based on annual deforestation areas in past periods, to more complex approaches that project a future deforestation scenario by integrating numerous variables, including key socioeconomic, technological, and political factors that drive deforestation (Eliasch, 2008 Table 2 do not include the underlying level of reliability which needs to be taken into account in the development of baselines. Therefore, we decided to use a business-as-usual scenario for the construction of the baseline that takes into account the forest area development only. The reference period for this scenario is defined as the period 1990 -2000. The baseline itself is a mere proportional prolongation of the development of the carbon stocks from the reference period to the assessment period. Therefore we anticipate that the same proportional change holds for forest area and for carbon stock.
where ∆ BL = proportional area change between t 0 and t 1 according to the baseline, ∆ BL = {-1.1},
where negative values indicate a decrease of the forest area and positive values an increase of the forest area. The assessment period is defined as the period between 2000 and 2010. Although REDDincentives have not been implemented, we assume that initiatives and measures other than REDD led to a reduction of deforestation in this period. The carbon stock at the end of the assessment period (i.e. 2010), C t2real , has to be compared to the expected carbon stock according to the baseline scenario, C t2BL . This results in the change of carbon stock, C t2REDD .
where C t2REDD = difference between expected carbon stock according to the baseline and the real carbon stock at time 2 C t2BL = expected carbon stock at t 2 according to the baseline C t2real = real carbon stock at t 2 Emission reductions are accountable as long as C t2REDD has a value > 0. Whenever C t2REDD is ≤ 0 no emission reductions qualify for accounting. C t2REDD can also be given as a function of C t1 and its proportional change indicated by the baseline, ∆ BL , on the one hand and C t2real on the other hand.
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The amount of accountable emission reductions is not only subject to the realized reduction of emissions from deforestation and forest degradation at time 2, but depends on the respective total error (E t2 ) associated with the estimation of C t2real as well. Equations (3) and (4) do not incorporate E t2 . C t2RME is taking into account the total error at the end of the assessment period (E t2 ) and relates it to C t2real .
t2real t2 t2RME C( 1 E ) C 
where C t2RME = carbon stock at t 2 constrained by the total error E t2 = error of the estimated carbon stock at t 2 , C t2real To adhere to the principle of conservativeness, C t2real has to be replaced by C t2RME in equation (4) resulting in a new estimate for the accountable emission reductions, Ĉ t2REDD , that incorporates the total error at the end of the assessment period. t2RME t2BL t2REDD
where Ĉ t2REDD = accountable emission reductions at t 2
In equation (6) all components that affect the amount of accountable emission reductions are included. While ∆ BL shows the business-as-usual scenario for the carbon stock development in a situation where no incentives to reduce deforestation and forest degradation have been applied, C t2real assumes that such incentives have been successfully applied. The total error affecting the accountable emission reductions (E t2 ) is directly linked to the implemented MRV-system. Fig. 2 . Reference period (1990 to 2000) and respective carbon stock development for baseline deduction (i.e. difference of carbon stock at t 1 , C t1 , and carbon stock at t 0 , C t0 ) and relationship of the reduction of deforestation and forest degradation (DD) during the assessment period (2000 to 2010), total error and the respective reliable minimum estimate (RME), and their contribution to the values of the expected carbon stock at time 2 according to the baseline scenario (C t2BL ), real carbon stock at time 2 (C t2real ), carbon stock at time 2 qualifying for accounting (C t2RME ) and difference of C t2BL and C t2RME (Ĉ t2REDD ) Fig. 2 illustrates the influence of E t2 on the accountable emission reductions under a REDD regime. The business-as-usual baseline scenario is derived based on the carbon stock development of the reference period. In this figure the carbon stock resulting from the application of incentives to reduce emissions from deforestation and forest degradation (C t2real ) without error components and its associated RME (C t2RME ) including the error components exceed the baseline scenario (C t2BL ). In this situation a country would be able to transform the accountable emission reductions (Ĉ t2REDD ) into benefits from emission reductions.
As shown in Fig. 2 accountable emission reductions can only be generated where the real carbon stock in 2010, C t2real , is larger than the carbon stock according to the baseline, C t2BL . In this case Ĉ t2REDD becomes positive. However, the amount of the accountable emission reductions generated depends on the error associated with the carbon stock estimates, E t2 . The functional relationship between C t2BL , C t2real and E t2 indicates that the smaller the difference between C t2BL and C t2real , the smaller E t2 has to be in order to generate accountable emission reductions.
Results
A country that intends to benefit from the adoption of a REDD-regime, needs to proof that deforestation and forest degradation in a current commitment period is smaller than it was in the periods before. Accountable carbon credits, Ĉ t2REDD , are obtained by subtracting the real carbon stock at t 2 , C t2real , from the carbon stock expected under the baseline scenario, C t2BL , which is derived from past deforestation and forest degradation rates. The larger the difference the more carbon credits are generated. The approach presented above was utilized for a simulation study that links the calculation of accountable emission reductions with assessment errors. Results are presented for four selected countries with low to high deforestation and forest degradation rates and illustrate the effect of the inclusion of uncertainties in REDD estimates. Based on the input data taken from FRA 2010 (FAO, 2010a) Table 3 shows country specific data on the proportional development of the forest area, Δ BL , and the expected carbon stocks in 2010, C t2real . These are used to offset them against C t2BL in order to achieve the value of the respective emission reductions, C t2REDD . Table 3 . Country specific data on Δ BL (%), C t2BL (Mt C), C t2real (Mt C), C t2REDD (Mt C)
Among the selected countries Malaysia shows the lowest deforestation rate for the reference period (-3.64%), while Indonesia's rate is rather high (-19.25% Indonesia's efforts to reduce deforestation are obviously performing well. The negative value of C t2REDD for Malaysia suggests that inconsistent data on carbon stocks in forests have a major influence on the values of emission reductions, and potential activities to reduce deforestation do not result in accountable carbon credits. Fig. 3 shows the carbon stock development of Costa Rica over time (i.e. 1990, 2000 and 2010) according to the data of the FRA 2010. For the year 2010 the difference of C t2real and C t2BL , i.e. C t2REDD , is shown in red colour. Fig. 3 . Carbon stock development over time (i.e. 1990, 2000 and 2010) for Costa Rica; for the year 2010 the difference of C t2real and C t2BL , i.e. C t2REDD , is shown in red colour
For calculating the accountable carbon credits generated by a REDD regime the RME of C t2real is used in order to illustrate the effect of uncertainties. Including errors generally reduces the amount of accountable emission reductions. To show the effect of errors, the reliable minimum estimates (RME) of C t2real for the four countries were calculated for 0 to 20% total error. The country specific data on C t2RME are shown in Table 4 .
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The decrease of the RME of C t2real for higher errors in MRV-systems is obvious for all four countries. While an idealistic total error of 0% would lead to a C t2RME of 13,017 Mt C for Indonesia, a total error of 20% would result in about 10,414 Mt C. The respective values were used as reference for calculating the resulting accountable emission reductions, Ĉ t2REDD (Table 5) . Table 5 . Country specific data on Ĉ t2REDD (Mt C) Correspondingly, increasing errors decrease the accountable emission reductions, Ĉ t2REDD , for all countries. Negative numbers in Table 5 display an increase of CO 2 emissions to the atmosphere, positive numbers display CO 2 emission reductions. Only the latter would lead to the generation of carbon benefits. In Fig. 4 the accountable emission reductions are plotted for the four countries over different levels of total error (0 to 20%). As large errors jeopardize the generation of accountable carbon credits by REDD, the implementation of a sound MRV-system is decisive for the generation of benefits by the adoption of a REDD regime. On closer inspection, Fig. 3 shows that even small assessment errors (7% and less) confound the successful efforts in the reduction of emissions from deforestation and forest degradation. The generation of benefits from REDD is possible only in situations where a robust and transparent MRV-system is applied that results in low total errors associated to carbon estimates. According to studies from Fuller et al. (2003) , Gertner and Köhl (1992) or Waggoner (2009) total errors larger than 5% are most likely to occur.
Conclusion
In the Eliasch-Review in 2008 it was stated that "Emissions reduction targets can only be monitored effectively if carbon emissions are estimated robustly and uncertainties are managed and quantified." (Eliasch, 2008) Accordingly, Fig. 5 exemplarily shows the effect of a large total error as a result of a poor MRV-system. The inclusion of the principle of conservativeness through the RME leads to a situation where the carbon stock qualifying for accountable emission reductions is well below the assumed baseline scenario. Under these conditions no credits would be generated, because the country could not prove that it successfully reduced its deforestation and forest degradation rates. and respective carbon stock development for baseline deduction (i.e. difference of carbon stock at t 1 , C t1 , and carbon stock at t 0 , C t0 ) and relationship of the reduction of deforestation and forest degradation (DD) during the assessment period (2000 to 2010), total error and the respective reliable minimum estimate (RME), and their contribution to the values of the expected carbon stock at t 2 according to the baseline scenario (C t2BL ), real carbon stock at t 2 (C t2real ), carbon stock at t 2 qualifying for accounting (C t2RME ) and difference of C t2BL and C t2RME (Ĉ t2REDD ). A large total error for the MRV-system can result in a negative Ĉ t2REDD
The results of the simulation study show that even small errors result in situations where no carbon credits can be generated (Fig. 4) . Total errors larger than 7%, which are realistic in extensive forest carbon surveys (Fuller et al., 2003; Gertner & Köhl; , Waggoner, 2009 , may exclude national REDD-regimes from generating benefits. As shown by theoretical considerations the total error associated with carbon estimates can outweigh efforts to reduce deforestation and forest degradation. This was verified in the simulation study indicating that countries with medium or low deforestation and forest degradation rates are not in a position to generate carbon credits from REDD when the uncertainties of carbon stock estimates are included in calculations as requested in a REDD certification process. Even when a country was successful in reducing carbon losses from deforestation and forest degradation, only a minor amount of carbon credits could be generated or -even worse -emissions from forestry might have to be reported. A prerequisite for any successful implementation of a REDD regime is the estimation of activity data and emission factors with high reliability, which can be achieved by a robust and transparent MRV-system using appropriate techniques, and comprehensive and internationally consistent approaches (Eliasch, 2008) . Special attention needs to be taken to the quantification of the total survey error. A sound assessment and quantification of non-sampling and sampling errors is essential for any REDD inventory concept. We recommend that especially countries in the readiness phase, which have not yet developed appropriate capacities, carefully study the effects of the principle of conservativeness in preparing for REDD. For those countries capacity building for implementing a robust, cost-efficient and transparent MRV-system is urgently needed in order to turn efforts in reducing deforestation and forest degradation into benefits generated by REDD.
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